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Biomechanics of fetal membranes – relation with new-
born and maternal anthropometric data
Abstract
Background and purpose: Cyclic biaxial burst test is a novel approa-
ch in biomechanical testing of fetal membranes. The purpose of the study is 
to determine are there differences between cyclic biaxial burst test and stan-
dard burst test. Relations between newborn and maternal anthropometric 
data and membrane biomechanics were investigated.
Materials and methods: Thirty-nine fetal membranes were tested. 
Each membrane was cut in half acquiring one half closer to placenta and 
one closer to cervix. Samples for tensile, biaxial cyclic and standard tests were 
taken from each. Maternal and newborn anthropometric data was exami-
ned.
Results: Cyclic burst pressures were significantly higher than standard 
burst pressures in samples closer to placenta (83.8 ± 19.4 vs 69.3 ± 17.9 mmHg; 
p<0.001) and cervix (67.9 ± 23.4 vs 58.1 ± 15.8 mmHg; p=0.013). When 
compared according to type of delivery, cyclic pressures were higher than 
standard in c-section samples (80.6 ± 22.4 vs 59.1 ± 14.8 mmHg; p<0.001) 
and vaginally delivered samples (73.5 ± 22.7 vs 65.9 ± 18.6 mmHg; 
p=0.017). Positive correlation between pregnancy BMI and uniaxial test 
rupture force was established.
Conclusions: Cyclic biaxial test is closer to physiological conditions and 
tests membrane viscoelastic properties better than standard test. A positive 
correlation between maternal pregnancy BMI and uniaxial force-to-ruptu-
re may indicate a connection between maternal nutritional status and fetal 
membrane strength.
IntroductIon
Fetal membrane is a structure enveloping fetus and amniotic fluid. It’s structural integrity is vital for normal pregnancy. The intact fetal 
membrane is composed of two layers – amnion and choriodecidua, 
choriodecidua being thicker and cellular (1). Although amnion layer 
accounts for only around 20% of fetal membrane thickness, said layer 
determines the biomechanical properties of the intact fetal membrane 
(1). Biomechanical properties of fetal membranes have been previously 
investigated mostly in relation to their histological and biochemical 
properties (2–6). Although such studies provided certain insight in the 
properties of fetal membranes, there is a limited number of published 
studies examining biomechanical properties of fetal membranes in re-
lation to maternal and newborn anthropometric data (7). Furthermore, 
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MaterIals and Methods
samples
The samples were collected at the Gynecology and ob-
stetrics clinic of the Osijek Clinical hospital center with 
the permission of the Institutional Ethics Board (IEB). 
Thirty-nine fetal membranes (13 caesarian sections and 
26 vaginal deliveries) were obtained and were subjected to 
uniaxial tensile and biaxial rupture tests. Fetal membranes 
were collected from women after normal term (37–42 
weeks) pregnancies. There were 20 male (51 %) and 19 
female (49 %) babies. We also collected anthropometric 
data from women who delivered said membranes and 
newborns. Informed consent was obtained from all indi-
vidual participants included in the study. The exclusion 
criteria were multiple gestation, signs of chorioamnionitis 
(maternal fever, uterine tenderness, purulent amniotic 
fluid or vaginal discharge, maternal leukocytosis), known 
pre-gestational diabetes, severe chronic disease (autoim-
mune, cardiac, renal, lung or gastrointestinal) and preg-
nancies with fetal malformations. There were no special con-
ditions during pregnancy – food supplementation other 
than folic acid, mothers were neither addicts nor on me-
dication. No prolonged periods of fasting were reported.
Membrane sampling protocol
All membranes were tested within 12 hours of delivery 
to allow them to recover. Initial processing for every 
membrane was carried out by a single gynecologist fo-
llowing written protocol. Every membrane was washed in 
cold saline and the clots removed. Each membrane was 
cut in half relative to the placental disc and each half was 
placed in a sample container with saline and kept at 4°C 
until the testing. That way we acquired two larger samples 
for each membrane, one closer to the placental disc and 
one overlying the cervical portion of the uterus. From 
each half two circular samples were taken for biaxial te-
sting (70 mm in diameter) and one test strip for uniaxial 
test (10 x 30 mm). One sample underwent biaxial burst 
test which we call ‘dynamic’ because it consists of cyclic 
strains mimicking uterine contractions and the other un-
derwent typical burst test which we call ‘static’ since the-
re are no cycles. Said samples were taken using special 
knifes designed at the Faculty of mechanical engineering 
in Slavonski Brod. The samples that underwent biaxial 
testing were additionally cut to obtain strips (10x30 mm) 
for uniaxial testing after the biaxial tests. Combined cho-
rion and amnion thickness and amnion thickness were 
measured for each half of the membrane. All samples were 
kept hydrated with saline during cutting.
Maternal and newborn data
Data on parity, gestation, height, weight gain and we-
ight prior to delivery were collected. BMI was calculated 




The uniaxial testing equipment was designed and ma-
nufactured in association with Faculty of mechanical 
engineering in Slavonski Brod (Fig. 1). The machine was 
equipped with specially constructed clamps for sample 
mounting that prevented the samples from slipping out 
during the test. The machine has a wide speed range (1 
– 100 mm/min). Our samples were stretched at the speed 
of 25.4 mm/min which was also used in previous studies 
(8,9). The data from the machine was collected and anal-
yzed via software that was provided with digital sensor. 
The machine was independently tested at the Laboratory 
for Testing Mechanical Properties and it complies to 
accuracy class 2 according to HRN EN ISO 7500-1:2007 
standard. That way we ensured the accuracy and repro-
ducibility of our results.
2. Biaxial testing equipment
The equipment for biaxial tests was also designed and 
manufactured in association with Faculty of mechanical 
engineering in Slavonski Brod (Fig. 2). The machine was 
equipped with a cylinder upon which circular samples 
were fitted using specially designed clamp. The burst test 
was performed using the water pressure created by a ste-
pping motor. The pressure was measured via tube connec-
ting manometer (Dongguan Xintai Instrument Co, mod. 
HT-1890, CE certified) with the tubes leading from the 
cylinder to one larger tube used as outlet. The stepping 
motor came with software that allowed us to control burst 
test speed and program the motor for cycles (10). Each 
sample for dynamic test was exposed to 7 simulated con-
tractions after which the sample was inflated until burst.
sample mounting and handling
As is previously described, the handling of the mem-
branes due to their properties is a big issue. The membra-
nes tend to twist and break quite easily. For uniaxial test, 
Figure 1 Uniaxial testing equipment
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we wrapped the strip’s ends with filter paper to prevent 
the strip from twisting (4,9,11). Furthermore, such han-
dling alleviated the problems with sample fixation 
between clamps. For the biaxial tests we transferred the 
samples from the rubber on which they were cut to a 
flexible plastic from which the samples were mounted on 
the test cylinder by letting them slide since the samples 
were well hydrated. That way we prevented the samples 
from twisting and minimized the chances of breaking.
statistical analysis
Values are presented as mean (SD). Normality of dis-
tribution was tested with Shapiro – Wilks test. Biaxial 
dynamic and static rupture pressures were compared 
using one sample t test. Correlation analysis were done 
using Pearson’s correlations. Forward stepwise regression 
models for prediction of biaxial dynamic and static rup-
ture pressures were created using localization, thickness 
of chorion and amnion, number of deliveries and aborti-
ons, length of gestation and anthropometric measures as 
predictor variables. A two-sided p < 0.05 was considered 
significant. IBM SPSS Statistics v15.0 was used for stati-
stical analyses.
results
Our results show moderate positive correlation 
between BMI and uniaxial force needed to rupture the 
samples (r = 0.396, p=0.01) (Fig. 3).
We have also observed weak positive correlation be-
tween newborn length at birth and burst pressures in 
standard biaxial test (r = 0.253, p=0.031).
Naturally delivered samples closer to placenta had sig-
nificantly higher biaxial static burst pressures than c-
section delivered samples closer to placenta (60.3 vs 73.8; 
p=0.024).
Biaxial dynamic burst pressures in placental region 
were significantly higher than biaxial static burst pres-
sures (83.8 vs. 69.3; p<0.001). Similarly, biaxial dynamic 
burst pressures of samples overlying the cervix were sig-
nificantly higher than biaxial static burst pressures (67.9 
vs. 58.1; p=0.013). When compared according to type of 
delivery, c-section (80.6 vs. 59.1; p<0.001) and vaginally 
(73.5 vs 65.9; p=0.017) delivered samples had significant-
ly higher biaxial dynamic burst pressures than biaxial 
static burst pressures (Table 1).
Regression model for biaxial dynamic pressures was 
able to explain 21.8% of variance, the only significant 
predictor variables that were included in the final model 
were sample location (closer to placenta or cervix), gestata-
tion and number of deliveries. Placental sample localiza-
tion was shown to increase biaxial dynamic pressures and 
it was the most important predictor variable, while gesta-
tion and number of deliveries decreased biaxial dynamic 
pressures (Table 2).
Figure 2 Biaxial burst test equipment
Figure 3 Correlation between tensile rupture force and BMI
Table 1 Dynamic burst pressures vs static burst press ures 
Table 1 Dynamic test (mmHg)
Static test 
(mmHg) Significance
Placental region 83.8 (19.4) 69.3 (17.9) p<0.001
Cervical region 67.9 (23.4) 58.1 (15.8) p=0.013
C-section delivery 80.6 (22.4) 59.1 (14.8) p<0.001
Vaginal delivery 73.5 (22.7) 65.9 (18.6) p=0.017
Table 2 Regression model for biaxial dynamic pressures
Table 2 β p Importance
Localization  
(placenta/cervix)   15.35 0.001 0.451
Gestation   –5.05 0.001 0.277
Number of Deliveries –12.08 0.011 0.272
Antun Šumanovac et al. Biomechanics of fetal membranes in relation to anthropometric data
122 Period biol, Vol 119, No 2, 2017.
With same predictor variables, regression model for 
biaxial static pressures was able to explain only 8.8% of 
variance. The only included predictor variable in the final 
model was sample localization (coefficient 11.18, p<0.001).
Biaxial static burst pressures between placental and 
cervical localizations in vaginal deliveries were signifi-
cantly higher (73.87 ± 15.94 vs 58.3 ± 18.14, p= 0.002).
Regression model for uniaxial force-to-rupture was 
able to explain 24.4% of variance, significant predictor 
variables were BMI, gestation and body weight before 
pregnancy, while weight gain, delivery, number of deliver-
ies, newborn birth weight and abortions were not includ-
ed into the final model. Uniaxial force increased with 
increasing BMI, while gestation and body weight before 
pregnancy deacreased uniaxial force (Table 3).
dIscussIon
Biaxial tests in most previous studies used simple burst 
techniques, meaning straining samples continuously un-
til rupture (12–14). A newer version of biaxial test, the 
puncture study, was introduced due to difficulties with 
biaxial burst tests – the equipment is large and requires 
fairly large samples (4,15). Puncture test also produces 
biaxial strain on the membrane and since Schober corre-
lated the results of traditional burst test with puncture 
test, the puncture test became acceptable (16). In our 
study we used cyclic biaxial straining of the membranes 
and compared it to standard biaxial burst test. As our 
results show, biaxial dynamic tests provide significantly 
higher burst pressures than biaxial static tests. The fact 
that static burst pressures in vaginal deliveries are higher 
than those in c-section group could be attributed to mem-
brane p´riming .´ Vaginally delivered membranes were 
already subjected to strain caused by labor therefore pri-
ming the collagen fibers that are essential for biomecha-
nical properties of the membranes. Priming would be 
gradual recruitment of collagen fibers in amnion and the-
ir straightening as described by Joyce et al. thus enabling 
vaginally delivered membranes to withstand higher pre-
ssures (17). Furthermore, our results indicate that the 
chorion and amnion thickness, number of deliveries, 
abortions and anthropometric measures are much better 
predictors of dynamic than static burst pressures. The fact 
that dynamic biaxial test shows higher burst pressures is 
in accordance with established viscoelastic properties of 
the membranes. Furthermore, regression model for biaxi-
al dynamic test was able to explain variance significantly 
better than the model for biaxial static test using the same 
predictor variables. The fact that we confirmed that fetal 
membranes from term vaginal deliveries are weaker in the 
cervical area than those closer to the placenta, which is in 
accordance with previous biomechanical studies (18–20), 
indicates that biaxial dynamic test performed on our ap-
paratus can successfully reproduce already established 
conclusions.
Our results show moderate positive correlation 
between maternal pregnancy BMI and uniaxial test rup-
ture force. In a recent study Roland et al. found a positive 
effect of maternal BMI and placental weight (21) while 
Hasegawa found that gestational weight loss had an ad-
verse effect on placental weight (22). Since the placenta is 
tied to the development of fetal membranes, such corre-
lation could mean that maternal nutritional status might 
have an effect on fetal membrane biomechanics. A weak 
positive correlation between newborn birth length and 
burst pressures in standard biaxial test was also observed. 
Such correlation could support the connection between 
maternal nutritional status and fetal membrane biomec-
hanics. Although newborn birth weight was not included 
in the final regression model for uniaxial force-to-ruptu-
re as predictor variable, further research is required to 
establish or refute such connection. There are certain li-
mitations to our study of which we are very well aware of. 
Firstly, the number of c-section membranes is somewhat 
low. Secondly, we were able to take only 2 samples for 
biaxial testing from each half of the membrane. As has 
been stated previously, there are biomechanical differen-
ces even between samples taken from one region (20). The 
level of variance explained by the regression models is 
somewhat low which can be attributed to inherent lack of 
uniformitiy in biomechanical properties of fetal membra-
nes. Although we have succeeded in taking 4 samples per 
placenta, future studies using this model should focus on 
further decreasing the necessary size of the samples thus 
achieving even more uniform results for interpretation. 
Preparations for further investigation of maternal nutri-
tion and adiposity effects on biomechanical properties of 
fetal membranes are underway in our laboratory. Corre-
lation between biaxial puncture and biaxial dynamic test 
should also be investigated in the future.
Acknowledgements: The authors wish to thank Zvoni-
mir Vrselja M.D.,PhD for his selfless support, Vjekoslav 
Bockovac and Obstetrical service at University Hospital 
Osijek for assistance in handling of fetal membranes.
Disclosure of interest: The authors declare that they 
have no conflict of interest.
references
 1.   OYEN ML, COOK RF, CALVIN SE 2004 Mechanical failure of 
human fetal membrane tissues. J Mater Sci Mater Med 15: 651–
658. https://doi.org/10.1023/B:JMSM.0000030205.62668.90
Table 3 Regression model for uniaxial force-to-rupture
Table 3 β p Importance
BMI   0.123 <0.001 0.578
Gestation –0.196   0.006 0.257
Body weight before 
pregnancy –0.022   0.025 0.164
Biomechanics of fetal membranes in relation to anthropometric data Antun Šumanovac et al.
Period biol, Vol 119, No 2, 2017. 123
 2.   KUMAR D, FUNG W, MOORE RM, PANDEY V, FOX J, 
STETZER B, MANSOUR JM, MERCER BM,REDLINE RW, 
MOORE JJ 2006 Proinflammatory Cytokines Found in Amni-
otic Fluid Induce Collagen Remodeling, Apoptosis, and Biophys-
ical Weakening of Cultured Human Fetal Membranes. Biol Re-
prod. 74: 29–34. https://doi.org/10.1095/biolreprod.105.045328
 3.   MOORE RM, MANSOUR JM, REDLINE RW, MERCER BM, 
MOORE JJ 2006 The physiology of fetal membrane rupture: in-
sight gained from the determination of physical properties. Pla-
centa 27: 1037–51. https://doi.org/10.1016/j.placenta.2006.01.002
 4.   PREVOST TP, SURESH S, HOUSE MD, SOCRATE S 2006 
Biomechanics of the human chorioamnion. J Biomech 39: S343
 5.   JABAREEN M, MALLIK AS, BILIC G, ZISCH AH, MAZZA 
E 2009 Relation between mechanical properties and microstruc-
ture of human fetal membranes: an attempt towards a quantitative 
analysis. Eur J Obstet Gynecol Reprod Biol 144 Suppl: S134–41. 
https://doi.org/10.1016/j.ejogrb.2009.02.032
 6.   CHOWDHURY B, DAVID AL, THRASIVOULOU C, BECK-
ER DL, BADER DL, CHOWDHURY TT 2014 Tensile strain 
increased COX-2 expression and PGE2 release leading to weaken-
ing of the human amniotic membrane. Placenta 35: 1057–64. 
https://doi.org/10.1016/j.placenta.2014.09.006
 7.   AL-ZAID NS, IBRAHIM ME, MOUSSA MA 1981 Physical and 
chemical properties of fetal membranes: their relation to parity, 
maternal age, sex and weight of the newborn. Eur J Obstet Gyne-
col Reprod Biol 12: 71–7.   
https://doi.org/10.1016/0028-2243(81)90018-6
 8.   BUNDY K, SCHLEGEL U, RAHN B, GERET V, PERREN S 
2000 An improved peel test method for measurement of adhesion 
to biomaterials. J Mater Sci Mater Med 11: 517–21.   
https://doi.org/10.1023/A:1008965926086
 9.   KUMAR D, NOVINCE R, STROHL A, MERCER BM, MAN-
SOUR JM, MOORE RM, MOORE JJ 2009 A New Methodol-
ogy to Measure Strength of Adherence of the Fetal Membrane 
Components, Amnion and the Choriodecidua. Placenta 30: 560–
563. https://doi.org/10.1016/j.placenta.2009.03.014
10.   CUNNINGHAM FG, LEVENO KJ, BLOOM SL, HAUTH JC, 
ROUSE DJ, SPONG CY, editors. Williams Obstetrics 23d ed. 
New York: McGraw-Hill Professional; 2009.
11.   BENSON-MARTIN J, ZAMMARETTI P, BILIC G, SCH-
WEIZER T, PORTMANN-LANZ B, BURKHARDT T, ZIM-
MERMANN R, OCHSENBEIN-KÖLBLE N 2006 The Young’s 
modulus of fetal preterm and term amniotic membranes. Eur J 
Obstet Gynecol Reprod Biol 128: 103–7.   
https://doi.org/10.1016/j.ejogrb.2005.12.011
12.   LAVERY JP, MILLER CE 1977 The viscoelastic nature of chorio-
amniotic membranes. Obstet Gynecol 1977 50: 467–72.
13.   LAVERY JP, MILLER CE 1979 Deformation and creep in the 
human chorioamniotic sac. Am J Obstet Gynecol 134: 366–75. 
https://doi.org/10.1016/S0002-9378(16)33077-0
14.   LAVERY JP, MILLER CE, KNOGHT RD 1982 The effect of 
labor on the rheologic response of chorioamniotic membranes. 
Obstet Gynecol 60: 87–92
15.   ARIKAT S, NOVINCE RW, MERCER BM, KUMAR D, FOX 
JM, MANSOUR JM, MOORE JJ 2006 Separation of amnion 
from choriodecidua is an integral event to the rupture of normal 
term fetal membranes and constitutes a significant component of 
the work required. Am J Obstet Gynecol 194: 211–7.   
https://doi.org/10.1016/j.ajog.2005.06.083
16.   SCHOBER EA, KUSY RP, SAVITZ DA 1994 Resistance of fetal 
membranes to concentrated force applications and reconciliation 
of puncture and burst testing. Ann Biomed Eng 22: 540–8.  
https://doi.org/10.1007/BF02367090
17.   JOYCE EM, MOORE JJ, SACKS MS 2009 Biomechanics of the 
fetal membrane prior to mechanical failure: Review and implica-
tions. Eur J Obstet Gynecol Reprod Biol 144: S121–7.  
https://doi.org/10.1016/j.ejogrb.2009.02.014
18.   MALAK TM, BELL SC 1994 Structural characteristics of term 
human fetal membranes: a novel zone of extreme morphological 
alteration within the rupture site. Br J Obstet Gynaecol 101: 375–
86. https://doi.org/10.1111/j.1471-0528.1994.tb11908.x
19.   EL KHWAD M, STETZER B, MOORE RM, KUMAR D, 
MERCER B, ARIKAT S, REDLINE RW, MANSOUR JM, 
MOORE JJ 2005 Term Human Fetal Membranes Have a Weak 
Zone Overlying the Lower Uterine Pole and Cervix Before Onset 
of Labor. Biol Reprod 72: 720–6.   
https://doi.org/10.1095/biolreprod.104.033647
20.   EL KHWAD M, PANDEY V, STETZER B, MERCER BM, KU-
MAR D, MOORE RM, FOX J, REDLINE RW, MANSOUR 
JM, MOORE JJ 2006 Fetal membranes from term vaginal deliver-
ies have a zone of weakness exhibiting characteristics of apoptosis 
and remodeling. J Soc Gynecol Investig 13: 191–5.   
https://doi.org/10.1016/j.jsgi.2005.12.010
21.   ROLAND MCP, FRIIS CM, GODANG K, BOLLERSLEV J, 
HAUGEN G, HENRIKSEN T 2014 Maternal factors associated 
with fetal growth and birthweight are independent determinants 
of placental weight and exhibit differential effects by fetal sex. PLoS 
One 9: 1–5. https://doi.org/10.1371/journal.pone.0087303
22.   HASEGAWA J, NAKAMURA M, HAMADA S, OKUYAMA 
A, MATSUOKA R, ICHIZUKA K, SEKIZAWA A, OKAI T 
2012 Gestational weight loss has adverse effects on placental de-
velopment. J Matern Fetal Neonatal Med 25: 1909–12.  
https://doi.org/10.3109/14767058.2012.664666
